Abstract: Plant and environmental factors affect root nitrogen (N) exudation dynamics in legumes. To better understand the genotypic variability and plant factors affecting root N release nodulation, plant growth, tissue N content, and root N exudation, six (three diploid and three tetraploid) red clover (Trifolium pratense L.) varieties were evaluated under controlled environmental conditions during the first 8 wk of plant growth after rhizobia inoculation. Genotypic differences were found for nodulation, plant dry weight (DW), leaf area, root attributes (root length, surface area, volume, and diameter), shoot and root N concentration, and N content. Genotypic differences were also found for root exudate N content in terms of NO 3 − -N, NH 4 + -N, and dissolved organic N (DON). In general, root exudate inorganic N content was greater in tetraploid varieties than in the diploids throughout the growth period. Root exudate DON content was greater than the inorganic N content. The NO 3 − -N content in root exudate was positively correlated with root growth attributes and root N concentration, whereas NH 4 + -N content was positively correlated with nodule number. Root exudate DON was positively correlated with shoot N concentration and average nodule DW. These results highlight the existence of genotypic differences among red clover varieties for plant morphological factors affecting root N release during the early stages of plant development.
prés pour les paramètres morphologiques qui affectent la libération du N au début du développement de la plante. [Traduit par la Rédaction] Mots-clés : nodules des racines, exsudat racinaire, azote, trèfle des prés, variabilité du génotype.
Introduction
Forage legumes are an important component of legume-grass pasture systems worldwide mainly due to their role in providing significant nitrogen (N) input through symbiotic nitrogen fixation (SNF) and for enhancing the nutritional quality of the grazed stands. Estimates of the amount of N fixed by forage legumes under legume-grass systems range from 13 to 682 kg N ha −1 yr −1 (Ledgard and Steele 1992) . Annually, it is estimated that a total of 50-70 Tg of N can be derived from biological N fixation in agricultural systems, of which, pasture and fodder legumes contribute 12-25 Tg N annually (Herridge et al. 2008) . Biologically fixed N is incorporated into organic forms and it is less prone to leaching and volatilization (Dixon and Kahn 2004) . In agricultural systems, N credit from SNF can be beneficial under crop rotation and intercropping/mixed cropping systems (Peoples et al. 1995) , where the N losses are minimized (Drinkwater et al. 1998) . Nitrogen fixed by legumes is released into the soil mainly through root decomposition and subsequent mineralization as well as N-containing root exudates (Fustec et al. 2010) . The released N can be incorporated into the soil mineral N pool, taken up by plants, immobilized by soil microbes, leached away from the soil system, or lost through denitrification (Cameron et al. 2013; Thilakarathna et al. 2016a) . Interestingly, part of the N fixed by legumes can be released and taken up by neighbouring nonlegumes during their growth, which is referred to as N transfer (Thilakarathna et al. 2016a) . Nitrogen can be transferred underground from legumes to nonlegumes through different mechanisms such as decomposition of belowground legume tissues (Wichern et al. 2008; Fustec et al. 2010) , plant root exudates (Paynel et al. 2008; Fustec et al. 2010; Lesuffleur and Cliquet 2010) , and mycorrhizal-mediated N transfer (Høgh-Jensen 2006; He et al. 2009 ). Legume root exudates contain both low and high molecular weight N compounds (Badri and Vivanco 2009) , which can transfer N to nonlegumes (Paynel and Cliquet 2003; Paynel et al. 2008; Jalonen et al. 2009a Jalonen et al. , 2009b .
Among the different N-containing root exudates, ammonium and amino acids are the major forms of N exuded by clover, with ammonium contributing the most (Paynel et al. 2001 (Paynel et al. , 2008 Lesuffleur and Cliquet 2010) . Glycine and serine are the dominant forms of amino acids in clover root exudates (Lesuffleur et al. 2007; Paynel et al. 2008 ), but many other amino acids have also been reported (Paynel et al. 2008) . Because plants take up N in both inorganic (NO 3 − and NH 4 + ) and organic (mainly as amino acids) forms (Näsholm et al. 2009; Richardson et al. 2009 ), different forms of N compounds in the legume root exudates can act as potential N transfer sources to nonlegumes. Plant and environmental factors affect root exudation of N compounds by legumes (Paynel et al. 2008; Goergen et al. 2009; Jalonen et al. 2009b; Mahieu et al. 2009; van Kessel et al. 2009; Thilakarathna et al. 2016a) . Among different plant-associated factors, N fixation (Paynel et al. 2008) , root N concentration (Jalonen et al. 2009a) , and total plant N content (Mahieu et al. 2009 ) were shown to stimulate N exudates. Furthermore, genotypic variability is one of the major factors that govern N release by different legumes (Thilakarathna et al. 2016a) . Variability among different red clover varieties was observed for nodulation and plant growth characteristics (Thilakarathna et al. 2012a) , which may have resulted in variation of SNF and N transfer (Thilakarathna et al. 2016b ). Ploidy level was also shown to have an effect on nodulation and SNF in legumes (Mergaert et al. 2006; Cannon et al. 2014 ). Higher ploidy level was associated with larger cells in nodules, which can contain a large number of bacteroids and enhance SNF (Mergaert et al. 2006) . Our previous work found that the ploidy level in red clover affected the amount of N fixation and N transfer under field conditions (Thilakarathna et al. 2016b) . Early in the growing season, N seems to be transferred from legumes to nonlegumes as root exudates rather than N derived from decomposing roots and nodule debris (Paynel and Cliquet 2003; Gylfadóttir et al. 2007; Lesuffleur et al. 2013) . Identifying genotypic variability among legume varieties for N exudation and understanding the relationship between N exudation and plant growth characteristics during the early growth stages of the legumes will help in the development of a management strategy to improve the N transfer from legumes to nonlegumes while minimizing nitrate leaching into the ground water.
Red clover is a major legume crop used in temperate regions, particularly with livestock farming systems (De Vega et al. 2015) and as a cover crop in rotations (Thilakarathna et al. 2015) . The objectives of this study were (i) to evaluate the genotypic variability among red clover varieties for nodulation potential, plant growth traits, net N exudation in terms of NO 3 − -N, NH 4 + -N, and dissolved organic N (DON) during the early stages of seedling development and (ii) to identify the plant morphological factors (nodulation and root morphological parameters) affecting net N exudation.
Materials and Methods
Plant materials, rhizobia inoculation, and growing conditions
Six winter-hardy, double-cut type red clover varieties (see below) were selected for this study based on (i) the superior productivity in Eastern Canada, (ii) strong nodulation profiles, (iii) genetic diversity (originated from unrelated populations), and (iv) ploidy (both diploid and tetraploid types). Six red clover varieties were used; three diploid varieties: AC Christie, an early flowering variety with no pubescence on the stems (Martin et al. 1999) ; Tapani, an early flowering variety selected from old stands from the three Atlantic provinces in Canada (Papadopoulos et al. 2008 were surface-sterilized with 2% sodium hypochlorite for three minutes and washed with five changes of sterile distilled water. Seeds were pregerminated on wet sterile filter papers in the dark for three days, and three germinating seeds were transferred into the plastic growth pouches (Mega International, Minneapolis, MN) containing deionized water. One week after germination, the seedlings were thinned to one seedling per growth pouch, and plants were inoculated with a 1-mL suspension of Rhizobium leguminosarum biovar trifolii (ATCC 14480) as in the method described by Thilakarathna et al. (2012a) . From the second week, plants were supplied with quarter-strength Hoagland's N-free nutrient solution (http://www.caissonlabs.com/catalog. php), in which the pH of the Hoagland's solution was adjusted to 5.8. The volume of the plant-growing solution in each growth pouch was maintained at approximately 25 mL during the trial. Plants were grown in a growth room with supplemental lighting maintained with a photoperiod of 16 h of daylight at 150 μmol m −2 s −1 and 8 h of dark at 23°C ± 2°C.
Collection of root exudates and harvesting of plants
At 4, 6, and 8 wk after inoculation with rhizobia, the growing solution in each growth pouch was collected, filtered through 0.45-μm micro filters, and preserved at −20°C in 50-mL sterile eppendorf tubes for detailed N analysis. After collection of the growing solution in the first and second sampling, each growth pouch with red clover plant was immediately refilled with 25 mL of quarter-strength N-free Hoagland's nutrient solution.
Plants were harvested 8 wk after rhizobia inoculation. The attributes determined were days-to-nodule initiation, number of nodules at 4, 6, and 8 wk, shoot dry weight (DW), root DW, and average nodule DW at harvest. Leaves were scanned using Epson Expression 1000X (Epson Canada Ltd., Markham, ON) and total leaf area was measured using the WinFOLIA (Regents Instruments Inc., Québec, QC) software system. A detailed root morphological analysis was collected including root volume, total root length, root surface area, and average root diameter using a WinRHIZO system (Regents Instruments Inc.). Shoot and root DW were measured after drying the plant in a hot air oven at 65°C for 3 d. Dry plant samples were ground using a micro Wiley mill, standard model 3 (Arthur H. Thomas Co., Philadelphia, PA), to pass through a 1-mm sieve.
Analysis of plant tissues and root exudates
Total N and carbon (C) contents of the roots and shoots were analyzed by dry combustion at 1000°C followed by combustion gas stream analysis of N 2 and CO 2 using a Elementar Vario MAX CN analyzer (Elementar Americas Inc., Mt. Laurel, NJ). The growing solutions collected from the pouches were analyzed for NO 3 − -N and -N analysis with matrix-matched standards on the above described flow injection analyzer.
Statistical analysis
The experimental design was a 6 × 6 Latin square design with each of the six red clover varieties represented by six pouches (one plant per pouch) and repeated 10 times. Each attribute was analyzed using the Latin square model with row and column as random effects and red clover varieties as the fixed effect within the analysis of variance (ANOVA). The results were expressed at a significance level of p < 0.05. Orthogonal contrasts were used to assess differences between the red clover varieties based on the different known varietal attributes, such as ploidy. Using ANOVA, nodule number and root exudates-N were analyzed across three time points (4, 6, and 8 wk) with repeated measurements expressed as the mean, linear, and quadratic coefficients across the growing period. Principal component analysis (PCA) was used to explore the relationship between the varieties and to assess the relationship between the plant growth parameters measured and the different types of N compounds exuded by red clover root systems during early growth. The following variables were log-10 transformed to meet assumptions of normality in the statistical analysis: nodule number, number of daysto-nodule initiate, average nodule size, shoot and root C and N concentrations, NH 4 + -N, NO 3 − -N, and DON content of the growth medium containing the root exudates. The back-transformed values are presented for reference. The statistical analyses of data were conducted with the GenStat® (VSN International 2013) software.
Results

Nodulation profiles
Mean nodule numbers were significantly different among the six red clover varieties during plant growth (Table 1) , where nodule number increased linearly during the growth period ( Supplementary Fig. 1 1 ). The diploid cultivar CRS 15 had the greatest mean nodule number compared with the other diploid varieties. However, the three tetraploid varieties had a similar number of nodules per plant (Table 1) . Diploid varieties had greater specific nodulation than tetraploid varieties. CRS 15 had the highest specific nodulation compared with all other selected varieties. Days-tonodule initiation varied slightly based on the red clover variety ( (Table 1) .
Dry matter, leaf area, and root morphology Genotypic differences were found for shoot, root, and total (shoot and root) DW, and total leaf area among the six red clover varieties as well as within ploidy levels (Table 2) . Tempus had the highest mean values for the above-mentioned four attributes, whereas CRS 15 had the lowest among the six red clover varieties. Tetraploid varieties had higher shoot, root, and total DW and leaf area compared with the diploid varieties ( Table 2) . Among the diploid varieties, CRS 15 had the lowest shoot, root, and total DW and total leaf area, whereas Tempus had the highest mean values for these attributes among the tetraploids. The root growth indicators assessed in this study (root length, surface area, volume, and average diameter) varied among the six red clover varieties (Table 2) . Among the tetraploid varieties, Tempus had higher root surface area and root volume, and average root diameter. CRS 15 had smaller root volume and thin roots compared with the other two diploid varieties. Tetraploid varieties had greater root length, root surface area, root volume, and root diameter (Table 2) .
Plant N and C profiles
Plant tissue N (%), C (%), N content, and C:N ratio were significantly different among the six red clover varieties (Table 3) . Among the diploid varieties, CRS 15 had lower shoot N%, tissue N content (shoot, root, and total), and shoot and root C% (Table 3) . Tempus had higher root C% and tissue N content (shoot, root, and total) among the tetraploid varieties (Table 3) . Tetraploid varieties had greater shoot N%, root N%, shoot C%, root C%, shoot N content, root N content, and total plant N content (Table 3 ). Cultivar differences were also found for the plant C:N ratio, with CRS 15 having a greater C:N ratio than the other varieties (Table 3) . Diploid varieties had slightly higher C:N ratio compared with the tetraploid varieties.
Ammonium, nitrate, and DON in root exudates
The concentration of NO 3 − -N, NH 4 + -N, and DON in root exudates was significantly different among the red clover varieties during the 8 wk of plant growth (Table 4) . Among the diploid varieties, root exudates of CRS 15 had the greatest NH 4 + -N consternation.
However, the opposite trend was found for DON, where CRS 15 had less DON than AC Christie and Tapani. Root exudates of Tempus had the greatest concentration of NH 4 + -N and NO 3 -N compared with CRS 18 and CRS 39.
In general, root exudates of the tetraploid varieties had greater NH 4 + -N and NO 3 − -N concentrations. During the 8 wk of growth, the NH 4 + -N concentration of the root exudates increased linearly ( Supplementary Fig. 2 1 ), whereas DON increased in a quadratic manner ( Supplementary Fig. 3   1 ).
PCA
The first two principal components explain 88% of the total variation for the 15 attributes evaluated in this study (Fig. 1) . This outlines differences and correlations among red clover varieties. Component 1 distinguishes differences between the red clover varieties, in which all the tetraploid varieties were positive for score 1, whereas the diploids were negative. Differences between varieties were driven by total plant N content and total plant DW, which were strongly correlated (Fig. 1) . Average root diameter, root volume, root N%, total leaf area, and root surface area were also positively correlated with total plant N content and total plant DW (Fig. 1) . For component 2, differences between varieties were due to the contrast between the nodule number and NH 4 + -N concentration in root exudates versus nodule size and DON in root exudates. CRS 15 had the greatest number of nodules, but they were smaller in size than the other varieties. Tempus, CRS 18, and Tapani had larger nodules, but they were few in number.
Discussion
Beyond differences observed between the two ploidy levels, there was significant variability for the attributes measured within ploidy levels. Significant differences among the red clover varieties for the nodulation profiles (nodule number, average nodule size, and daysto-nodule initiation) highlight the genotypic variability among varieties for these attributes, which corroborates with previous findings (Thilakarathna et al. 2012a) . Furthermore, ploidy level appears to contribute to the differences observed between the red clover varieties. The variety CRS 15 had the most nodules, although its average DW was smaller than the other varieties. Because the area infected by rhizobia is smaller with smaller nodules (King and Purcell 2001) , the efficiency of N fixation is limited. However, nodule maintenance is energy intensive (Foyer et al. 2005) , and having many nodules is costly for the plant in terms of energy. These factors may have caused lower biomass production in CRS 15 compared with the other varieties, which was also observed in our field studies (Thilakarathna et al. 2016b) . In general, the tetraploid varieties formed larger nodules and had greater N fixation, which indicates that large nodules are better for N fixation (Vikman and Vessey 1993) . At higher ploidy levels, the cells of the nodules are larger creating space for more bacteroids, which enhance the SNF (Mergaert et al. 2006 ). When available soil N is limited and (or) competition for N is intense, early nodulation is important. Therefore, some of the tetraploid red clover varieties used in this study may be better suited than the diploids under these growing conditions. Genotypic variability among the six red clover varieties was also found for dry matter (DM) yield (shoot, root, and total plant DW) and plant morphological characteristics including leaf area, root length, root surface area, average root diameter, and root volume (Table 2) , which is in agreement with previous findings (Thilakarathna et al. 2012a (Thilakarathna et al. , 2012b (Thilakarathna et al. , 2016b . Tetraploid varieties produced greater shoot and root biomass compared with the diploids, yielding an average of 58% higher total plant DM. Photosynthetic rate is positively related to whole plant leaf area (Koyama and Kikuzawa 2009) and leaf N content (Reich et al. 1998) . Therefore, the greater yields of tetraploid varieties may be due to the greater photosynthetic capacity (greater leaf area and leaf N content) and higher efficiency of N fixation (large nodules). Because SNF is an energy intensive process (Halbleib and Ludden 2000) , photosynthetically assimilated C needs to be directed toward nodules to supply energy and for N assimilation. As the tetraploid red clover varieties produced 40% more leaf area than the diploids, they are capable of supplying more C to their nodules Table 3 . Nitrogen (N) and carbon (C) concentration (dry weight basis) of shoot and root, N content of the shoot, root and total plant (shoot + root), and C:N ratio of the six red clover varieties after 8 wk of seedling growth.
Red clover varieties
Plant N (%) Plant C (%) N content (mg plant for higher N fixation. Furthermore, the extensive root systems in the tetraploids aid in obtaining more macro and micronutrients from the nutrient medium for better plant growth (Table 2 ).
Significant varietal differences for tissue C and N concentrations, plant N content, and C:N ratio correspond with the genotypic variability for the above-mentioned attributes (Table 3) . Compared with the diploid varieties, tetraploid varieties had 17% greater shoot N concentration and 78% more total plant N content at harvest, which also highlights their greater N fixation capacity. Because we did not supply any external N for plant growth, total plant N equates with total fixed N. Although CRS 15 had the most nodules, tissue N concentration and plant N content were less, which confirms that having many nodules does not always result in higher N fixation, possibly due to the high C cost for nodulation and nodule maintenance (Bourion et al. 2007 ). Our field results also indicated that CRS 15 had the lowest N fixation among the six red clover varieties (Thilakarathna et al. 2016b) .
In general, net exudation of inorganic N was greater in the tetraploid red clover varieties compared with the diploids in terms of NH 4 + -N and NO 3 − -N concentrations during their early growth period (Table 4 ). However, in the longer term, under field conditions, genotypic variability for N transfer did not appear to be closely related to ploidy level (Thilakarathna et al. 2016b) . Under field conditions, most of the N transferred from the red clover varieties to bluegrass may have been derived from decomposing legume tissues belowground rather than from N-containing root exudates. The net release of NH 4 + -N and NO 3 − -N by red clover varieties during early growth was minor compared with DON. Total dissolved N (TDN) is the combination of dissolved inorganic N (NH 4 + -N and NO 3 − -N) and DON (amino acids, peptides, and proteins). In general, 74% of TDN in the red clover root exudates during the first 8 wk of plant growth was DON. Legumes tend to increase root exudation of N as plants mature (Jensen 1996; Jalonen et al. 2009a) . Similarly, over the 8 wk of growth in this experimentation, net exudation of NH 4 + -N and DON in the red clover varieties increased. It is also possible that most of the released NH 4 + -N and NO 3 − -N were recaptured by the red clover plants, as dissolved inorganic N is readily available for plant uptake. Plants are also able to recapture released amino acids (Jones et al. 2005) . Under liquid culture, there is a greater possibility for the plants to reabsorb amino acids than from a soil medium (Badalucco and Nannipieri 2007) because the amino acids are not bound to soil particulates nor immobilized by soil microbes. Therefore, although most of the N released by the red clover plants in this study was DON, measurements of this N component are impacted by the ongoing efflux-influx mechanisms for N and does not reflect efflux of N only. Root exudates are one of the major mechanisms for transferring N to neighbouring nonlegumes (Paynel et al. 2008; Jalonen et al. 2009b ), especially at the early growth stages of legumes (Lesuffleur et al. 2013) . Plants uptake N mainly as dissolved inorganic N and DON (Näsholm et al. 2009; Tegeder and Rentsch 2010) . In general, AC Christie, CRS 39, and Tempus are better candidates for root exudate mediated N transfer among the selected varieties based on their level of root exudate DON concentration. However, under soil conditions, DON can be rapidly immobilized by soil microbes without plant uptake (Owen and Jones 2001; van Kessel et al. 2009 ) due to their low C:N ratio (Uselman et al. 2000) and low diffusion coefficient in soil (Jones et al. 2005) , thus facilitating N transfer indirectly after microbial turnover (Jalonen et al. 2009b ).
Nitrogen exudation is positively correlated with root N concentration (Jalonen et al. 2009a) and total plant N content (Mahieu et al. 2009 ). In this study, root exudate NH 4 + -N content was positively correlated with nodule number, whereas NO 3 − -N content was positively correlated with root length and surface area. Despite having a smaller root structure, CRS 15 had a greater NH 4 + -N content in root exudates, possibly due to its greater nodule numbers. However, exudate DON content was positively correlated with average nodule DW and shoot N concentration, which explains having a lower DON in CRS 15 among the varieties. In summary, we found significant genotypic variability among different red clover varieties for nodulation, plant growth, plant N content, and root exudate N content. Root exudate NO 3 − -N was positively correlated with root growth attributes and root N concentration, whereas NH 4 + -N was positively correlated with nodule number. Dissolved organic N content of the root exudates was positively correlated with shoot N concentration and average nodule DW. A deeper understanding of the genotypic variability among legume varieties for N exudation and its related attributes is required before criteria for efficient selection of varieties with improved N transfer can be determined. Some of the genetic variability observed among the red clover varieties for the parameters studied in this research can be attributed to differences in ploidy level. As discussed, tetraploid varieties were generally superior to diploids with respect to the N fixation parameters measured. However, the variability in magnitude of the N fixation attributes monitored in this work was great within ploidy levels. Therefore, a singular conclusion that tetraploid red clover varieties will have greater N fixation capacity is not possible at this time. Future studies pursuing the development of molecular markers associated with the types of N exudates and their magnitude in red clover varieties are warranted. This will aid in improving our ability to monitor and understand the mechanisms of N recycling at the early stages of stand establishment. Furthermore, this will assist red clover breeders to generate red clover populations having the traits required to facilitate N transfer in the establishments of companion grasses in forage mixtures under sustainable production systems.
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